We study chemical reaction between a single hydrogen atom and a graphene, which is the elemental reaction between hydrogen and graphitic carbon materials. In the present work, classical molecular dynamics simulation is used with modified Brenner's empirical bond order potential. The three reactions, that is, absorption reaction, reflection reaction and penetration reaction, are observed in our simulation. Reaction rates depend on the incident energy of the hydrogen atom and the graphene temperature. The dependence can be explained by the following mechanisms: (1) The hydrogen atom receives repulsive force by π-electrons in addition to nuclear repulsion. (2) Absorbing the hydrogen atom, the graphene transforms its structure to the "overhang" configuration such as sp 3 state. (3) The hexagonal hole of the graphene is expanded during the penetration of the hydrogen atom.
I. INTRODUCTION
Chemical reaction between hydrogen and graphite is a basic process of the chemical sputtering between plasma and a divertor plate in plasma confinement experiments. [1] [2] [3] [4] [5] The divertor plate composed of graphite tiles or carbon fiber composites is bombarded with hydrogen plasma. Eroding the carbon wall, hydrogen ions yield H 2 and several sorts of hydrocarbon molecules, i.e., CH x , C 2 H x and so on. The hydrocarbon molecules misbehave as impurities for plasma confinement experiments. In order to reduce the hydrocarbon impurities in the plasma, we need to understand the erosion mechanism of carbon walls and the creation mechanism of hydrocarbon molecules. However, these mechanisms are not clarified yet. We, therefore, reveal the chemical reaction between hydrogen and graphite by computer simulation.
In the present work, we study the chemical reaction between a single hydrogen atom and a graphene with classical molecular dynamics (CMD) simulation. It is reasonable to consider that ions of the hydrogen plasma combine with electrons and become neutral atoms before interacting with the carbon wall. Therefore, we select a neutral hydrogen atom as an injected particle. A graphene is the elemental component of graphitic carbon materials. 6 The chemical reaction between the single hydrogen atom and the graphene, therefore, is regarded as the elemental reaction between hydrogen and various graphitic carbon materials.
We measured only an absorption rate in our previous work, 7 where multi-layer graphite was treated. In the present work, we evaluate a reflection rate and a penetration rate in addition to the absorption rate. We also obtain the incident hydrogen energy dependence and the graphene temperature dependence of each reaction rate. In §II, the simulation model and method are described. Simulation results are shown in §III. We discuss the feature of the chemical reaction between the hydrogen atom and the graphene in §IV. This paper is concluded with summary in §V. In addition, we note the modification of Brenner's reactive empirical bond order potential in Appendix.
II. SIMULATION METHOD
In the present work, we adapt CMD simulation with the NVE condition, in which the number of particle, volume and total energy are conserved. The second order symplectic integration 8 is used to solve the time evolution of the equation of motion. The time step is 5 × 10 −18 s. We use a modified Brenner's reactive empirical bond order (REBO) potential:
where r ij is the distance between the i-th and the j-th atoms. The functions V
R [ij] and V

A
[ij] represent repulsion and attraction, respectively. The functionb ij generates multi-body force. We show details of the modified Brenner's REBO potential in Appendix. Figure 1 shows the present simulation model. The hydrogen atom is injected into the graphene composed of 160 carbon atoms. The center of mass of the graphene is set to the origin of coordinates. The surface of the graphene is parallel to the x-y plane. The size of the graphene is 2.13 nm × 1.97 nm. The graphene has no lat- tice defects and no crystal edges due to periodic boundary condition toward x and y directions. The graphene temperature is defined by
where p i and m i are the momentum and the mass of the i-th carbon atom, respectively. N is the number of carbon atoms and k b is the Boltzmann constant. The symbol carbon i denotes the summation over the carbon atoms. The carbon atoms obey the Maxwell-Boltzmann distribution in the initial state of the simulation.
The hydrogen atom is injected parallel to the z axis from z = 4Å. We repeat 200 simulations where the x and y coordinates of injection points are set at random. As a result, we obtain the histograms, which give reaction rates. The incident energy E I determines the initial momentum p H (0) = (0, 0, p 0 ) of the hydrogen atom as
where m H is the mass of the hydrogen atom.
III. RESULTS
Three kinds of reactions between the single hydrogen atom and the graphene are observed in our CMD simulation. They are absorption reaction, reflection reaction and penetration reaction. The properties of the reactions are described in the following.
A. Dynamics of three reactions
In the absorption reaction, the hydrogen atom and the nearest carbon atom are bound by a new covalent bond. The nearest carbon atom is pulled out of the surface of the graphene as a sp 3 configuration (Fig. 2) . We call this phenomenon "overhang". The hydrogen atom remains above the nearest carbon atom while oscillating. In the reflection reaction, the graphene reflects the incident hydrogen atom to the region of z > 0. In the penetration reaction, the incident hydrogen atom passes through the graphene and goes away to the region of z < 0. It is observed that the graphene expands the hexagonal hole while the hydrogen atom is penetrating.
B. Incident energy dependence of reaction rates Figure 3 shows the incident energy dependence of each reaction rate in the case that the initial graphene temperature is 300 K. Three kinds of reactions dominate in different incident energy E I respectively. In the case of E I < 1 eV, almost all of the incident hydrogen atoms are reflected. For 1 eV < E I < 7 eV, the absorption reaction becomes dominant. The reflection reaction becomes dominant again for 7 eV < E I < 30 eV. The penetration reaction behaves as the dominant process for E I > 30 eV. It is also observed that the absorption rate has the small peak around 24 eV in Fig. 3 . 
C. Graphene temperature dependence of reaction rates
We also investigate the initial graphene temperature dependence of reaction rates (Fig. 4) . As the initial graphene temperature rises, the absorption rate tends to broaden to the region of low incident energy. In contrast, the reflection rate drops. However, the graphene temperature hardly affects the penetration rate.
IV. DISCUSSIONS
The three reactions were observed in the present simulation. The incident energy dependence and the graphene temperature dependence of the three reaction rates are also obtained. The similar incident energy dependence of three reactions was observed in the system of multi-layer graphite and a large amount of hydrogen atoms. 10 It is, therefore, important to understand the mechanism of the chemical reaction between a single hydrogen atom and a single graphene to argue atomic-scale processes in various systems composed of hydrogen and graphitic carbon materials.
A. Two kinds of repulsive force
It was observed that the reflection reaction dominates in two ranges of the incident energy, i.e., E I < 1 eV and 7 eV < E I < 30 eV in Fig. 3 . From this fact, it is deduced that two kinds of repulsive force work between the incident hydrogen atom and the graphene. To prove it, we plot the potential energy between the hydrogen atom and the graphene in Fig. 5 , where the hydrogen atom is located just above the nearest carbon atom at the distance w and the other carbon atoms are relaxed. From Fig. 5 , we can confirm the existence of two kinds of repulsive force between the incident hydrogen atom and the graphene. The first repulsive force for w < 1.0Å is due to the repulsive term V R [ij] in Eq. (1) and corresponds to nuclear repulsion. The second repulsive force for 1.6Å < w < 1.8Å is derived from the multi-body force in the termb ij in Eq. (1). The existence of the second repulsive force was also confirmed by ab-initio calculations. 11, 12 It was considered that π-electrons over the graphene generate the second repulsive force. The energy height of the potential wall of the second repulsive force is estimated to be about 0.5 eV. The hydrogen atom with the incident energy of 0.5 eV or more, therefore, can enter the region that w < 1.6Å, in which the other mechanism derives the absorption reaction and the penetration reaction. The mechanisms for E I > 0.5 eV and w < 1.6Å are described in the subsequent subsections. Thus, the reflection rate starts to decrease at E I ∼ 0.5 eV in Fig. 3 . Figure 6 shows the potential energy contour in the (u, w) parameter space. Here u is the height of the nearest carbon atom from the surface of the graphene and w is the distance between the hydrogen atom and the nearest carbon atom as shown in Fig. 7 . There is the minimum potential point at (u, w) = (0.5Å, 1.1Å), which corresponds to the "overhang" configuration. This analysis by the potential energy contour claims that the "overhang" configuration is the most stable state. The "overhang" configuration in the present simulation is consistent with the ab-initio calculation for the graphene absorbing multi-hydrogen atoms.
B. Absorption mechanism
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The trajectory of the absorption reaction is represented by arrow 1 in Fig. 6 . The initial state corresponds to the point of (u, w) = (0Å, 4Å). The hydrogen atom and the graphene start interaction around (u, w) ∼ (0Å, 1.8Å). The arrow 1 shows that, with tumbling down the slope of the potential energy contour, the state falls into the potential minimum point (u, w) ∼ (0.5Å, 1.1Å), which indicates the "overhang" configuration.
Until the hydrogen atom overcomes the second repulsive force, the graphene cannot transform its structure to the "overhang" configuration. Thereby, the incident energy of 0.5 eV, which is corresponding to the energy height of the potential wall of the second repulsive force, is the lower limit to occur the absorption reaction. The absorption rate rises from E I ∼ 0.5 eV in contrast to the reflection rate by the second repulsive force and has a peak at E I = 3 eV.
C. Reflection mechanism
In the reflection reaction for 7 eV < E I < 30 eV, the incident hydrogen atom bounds back from the potential wall V R [ij] in Eq. (1), which is represented by the region of w < 1.0Å in Fig. 5 and the white region in Fig. 6 . After bounding, the hydrogen atom goes away from the graphene without connecting the nearest carbon atom. Therefore, the graphene keeps the flat sheet configuration and does not transform its structure to the "overhang" configuration. The trajectory of the reflection reaction by V R [ij] is drawn as arrow 2 in Fig. 6 . Here, to make clear a distinction between the absorption reaction and the reflection reaction for E I > 1 eV, we introduce two typical time lengths ∆t u and ∆t w . The time length ∆t u is defined as the time length necessary for the graphene absorbing the hydrogen atom to transform its structure from the "flat sheet" configuration to the "overhang" configuration. Strictly speaking, ∆t u depends on a lot of parameters, for example, the incident energy and the incident position of the hydrogen atom, the graphene temperature, and so on. But, to estimate the typical time length ∆t u , we consider the only simple overhang process, which is represented by the following trajectory in the parameter space Fig. 6 : the configuration of the atoms is transformed from the start point that (u, w) = (0Å, 1.1Å) to the end point that (u, w) = (0.5Å, 1.1Å) along a straight line w = 1.1Å. We, moreover, assume that the initial velocities of all the atoms are zero. The potential function U oh along the above path is approximated by the following harmonic oscillator:
where we use, as the mass, the sum of m C = 12.0 u and m H = 1.00 u, because the hydrogen atom and the nearest carbon atom move as a rigid body in our assumption that w is fixed to the constant length of 1.1Å. From Fig.  6 , we have the potential minimum point u 0 = 0.5Å, the minimum potential-energy U 0 = 4.84 eV, and ω = 1.45 × 10 14 s −1 . Thus, we can estimate ∆t u as follows:
This estimated value of ∆t u is comparable to the CMD simulation result ∆t sim. u ∼ 1.28 × 10 −14 s, which was obtained under the condition that the degrees of the freedom except the parameter u are fixed to the initial values.
The other time length ∆t w is defined as the time length in which the hydrogen atom can stay in the region that w < 1.6Å. To estimate ∆t w , we adapt the alternative assumption that the hydrogen atom moves as a free particle for w > 0.9Å along the straight line of u = 0Å and collides with the potential wall V R
[ij] at (u, w) = (0Å, 0.5Å). From this assumption and Eq. (3), ∆t w is given by
where l = (1.6 − 0.9)Å = 0.7Å. From Eq. (6), it is obtained that ∆t w is proportional to 1/ √ E I . On the other hand, Eq. (5) shows that ∆t u is independent of E I .
Comparing these time length, we consider the following two cases. In the first case that ∆t w > ∆t u , the hydrogen atom connects with the nearest carbon and the graphene transforms its structure to the "overhang" configuration, before the hydrogen atom escapes to the region that w > 1.6Å. The hydrogen atom, therefore, is absorbed by the graphene. As the incident energy increases, ∆t w becomes smaller than ∆t u . In this case ∆t u > ∆t w = l 2m H /E I , the hydrogen atom escapes before the graphene traps the hydrogen atom. This process is regarded as the reflection reaction. We can derive the following condition necessary for the reflection reaction:
The incident energy which satisfies the condition ∆t w = ∆t u is estimated as E sim I ∼ 1 eV in our CMD simulation where the degrees of freedom except w are fixed to the initial values. By comparison between E sim I and the condition Eq. (7), it is considered that the our assumption is proper. In the above discussion, the hydrogen atom is located on the vertical axis over the nearest carbon atom. However, In the present simulation, the hydrogen atom seldom exists just above the nearest carbon atom, because the x and y coordinates of the incident hydrogen atom are set at random. Thereby, the repulsive force by V R [ij] becomes weaker than that of the potential energy contour in Fig. 6 . The time length ∆t w becomes, therefore, longer than the estimated value of Eq. (6). The hydrogen atom which deviates from the vertical axis over the nearest carbon atom needs higher incident energy than the estimated value of Eq. (7). Consequently, the incident energy of 0.84 eV in Eq. (7) is the lower limit to occur the reflection reaction by V
D. Penetration mechanism
We describe the dynamics of the penetration reaction. We notice for the present simulation that the graphene expands the hexagonal hole during the penetration of the hydrogen atom. Figure 8 shows the potential energy contour with two parameters, i.e., the distance w and the length v of the side of the hexagonal hole (See Fig. 9 ). We note that the hydrogen atom is located above the center of the hexagonal hole unlike the layout of Fig. 7 . The C-C bond length of the stable graphene structure is 1.42Å. The interaction force acts on the hydrogen atom and the graphene in w < 1.11Å. There is the potential minimum region of 0 eV in the area that v = 1.42Å and w > 1.11Å, which is the incident state of the hydrogen atom. If the size of the hexagonal hole v is fixed to 1.42Å, the energy height of potential wall is 38 eV at (v, w) = (1.42Å, 0Å). In this case, the hydrogen atom needs the incident energy of 38 eV or more to penetrate the graphene. However, the penetration reaction with the incident energy of less than 38 eV is observed in the present simulation result Fig. 3 . The difference between the estimation and the simulation result is explained by the expansion mechanism of the hexagonal hole of the graphene. If carbon atoms move along the bottom of the potential energy valley in Fig. 8 , the parameter v increases from 1.42Å to 1.58Å with decreasing w. Thus, the hexagonal hole is expanded as the hydrogen atom approaches the graphene. As a consequence, the energy height of the potential wall is lowered to 13 eV at (v, w) = (1.58Å, 0Å). This expansion lets the hy-drogen atom penetrate in the incident energy of less than 38 eV.
Here, we indicate that the carbon atoms can expand the hexagonal hole before reflecting the hydrogen atom with the incident energy of 13 eV. We define ∆t w as the time length for the hydrogen atom to approach the graphene from w = 1.11Å. The time length ∆t w is given by
where l = 1.11Å and E I is set to 13 eV. On the other hand, the potential energy around v = 1.58Å, where w is fixed to 0Å, is approximated by the following harmonic oscillator:
where m hole = 6m C , v 0 = 1.58Å, U 0 = 13 eV and ω = 5.21 × 10 14 s −1 from the potential energy contour Fig.  8 . For this approximation, we obtain the time length ∆t v to accomplish the expansion of the hexagonal hole as follows:
Both ∆t w and ∆t v are on the same order of femtosecond. In addition, the time length ∆t w of Eq. (8) becomes practically larger than 2.18 × 10 −15 s because of deceleration due to repulsion. Therefore, the carbon atoms can expand the hexagonal hole in response to the approach of the hydrogen atom.
Next, we consider the small peak of the absorption rate at E I = 24 eV, at which the hydrogen atom has enough incident energy to penetrate the graphene. The incident energy of the hydrogen atom diffuses into the graphene. Therefore, the hydrogen atom has no longer the necessary incident energy to escape from the graphene. From the energy diffusion, it is understood that the peak of the absorption reaction at 24 eV is caused by the hydrogen atom absorption on the reverse side of the graphene. The absorption reaction on the reverse side was confirmed in the present simulation. As long as the hydrogen atom is absorbed, the graphene transforms its structure to the "overhang" configuration where the nearest carbon atom is pulled into the reverse side of the graphene.
E. Graphene temperature dependence of reaction rates
The graphene temperature dependence of reaction rates is significant at low incident energies in Fig. 4 . As the graphene temperature is raised, the absorption rate increases and the reflection rate decreases for E I < 1 eV. The maximum temperature 2000 K, which corresponds to 0.26 eV as kinetic energy per a carbon atom, is comparable to the energy height of the potential wall of the second repulsive force of 0.5 eV. If the nearest carbon atom has kinetic energy, the relative momentum between the hydrogen atom and the nearest carbon atom becomes larger than the initial momentum of the hydrogen atom p 0 in Eq. (3). In the case of high graphene temperature, therefore, we substitute the relative momentum for p 0 and can perform similar estimation to the preceding subsections. As a result, the absorption rate increases and the reflection rate decreases as the graphene temperature is raised. By comparison energy order, the penetration rate is insensitive to the graphene temperature.
V. SUMMARY
By the CMD simulation with modified Brenner's REBO potential model, we demonstrated the chemical reaction between the single hydrogen atom and the single graphene, which can be regarded as the elemental reaction between hydrogen and graphitic carbon materials. We observed the three processes, which are the absorption, the reflection and the penetration reactions. The dominant reaction is replaced according to the incident energy for 0.1 eV ≤ E I ≤ 100 eV. We discussed the characteristic interactions between the hydrogen atom and the graphene with potential energy. The hydrogen atom receives the repulsive force not only by nuclei of carbon atoms but also by π-electrons over the surface of the graphene. These two kinds of repulsive force cause the two reflection mechanisms. When the hydrogen atom is absorbed, the graphene is transformed from flat sheet configuration to "overhang" configuration. By comparison between the typical time length of the overhang transformation and the time length during the hydrogen atom's stay, we can clarify the difference between the absorption reaction and the reflection reaction for E I > 0.5 eV. In the penetration reaction, the incident hydrogen atom goes through the hexagonal hole of the graphene and the graphene expands the hexagonal hole, simultaneously. The expansion lowers the energy height of the potential wall by nuclei of the carbon atoms, which accounts for starting the penetration reaction at E I = 13 eV in Fig. 3 . In addition, we investigated the graphene temperature dependence of reaction rates. As the graphene temperature rises, the absorption rate increases and the reflection rate decreases for low incident energy. The cause of the graphene temperature dependence is that the kinetic energy of the nearest carbon atom is comparable to the energy height of the potential wall by π-electrons. 
APPENDIX: MODIFIED BRENNER'S REBO POTENTIAL MODEL
We note here the review of Brenner's reactive empirical bond order (REBO) potential 9 and our modification points. This potential model follows in the wake of Morse potential, 14 Abell potential 15 and Tersoff potential.
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The potential function U is defined by
where r ij is the distance between the i-th and the j-th atoms. The bond angle θ B jik is the angle between the line segment which starts at the i-th atom and ends at the j-th atom and the line segment which starts at the i-th atom and ends at the k-th atom, as follows:
where x i is the position coordinate of the i-th atom and r ij is the distance between the i-th and the j-th atoms.. The dihedral angle θ DH kijl is the angle between the triangle formed by the j-th, the i-th and the k-th atoms and the triangle formed by the i-th, the j-th and the l-th atoms. The cosine function of θ DH kijl is given by
(A.
3)
The repulsive function V
The 
The constants D 17.56740646509 eV 0 eV 0 eV B 3[ij] 30.71493208065 eV 0 eV 0 eV β 1[ij] 4.7204523127Å −1 
The first term 
Value PCC (1, 1) 0.003026697473481 PCC (2, 0) 0.007860700254745 P CC (3, 0) 0.016125364564267 P CC (1, 2) 0.003179530830731 PCC (2, 1) 0.006326248241119 PCH (1, 0) 0.2093367328250380
And, if the i-th atom is hydrogen,G i is defined bỹ
Here G C , γ C and G H are the sixth order polynomial spline functions. Though the spline functionG i needs seven coefficients, the only six coefficients are written in Brenner's paper. 9 We determine the seven coefficients in table III, IV 
The constant λ [ijk] in Eq. (A.8) is a weight to modulate a strength of three-body force, which depends on the species of the i-th, the j-th and the k-th atoms. In comparison with Brenner's former potential, 18 we set constants λ [ijk] as follows:
The function P [ij] in Eq. (A.8) is required in the case that molecules forms solid structure. The function P [ij] is the bicubic spline function whose coefficients depend on the species of the i-th and the j-th atoms (Table  VI) (N 1 , N 2 , N (Table  VIII) . In the present simulation, the function T [ij] becomes T CC (2, 2, 5) for a perfect crystal graphene, and becomes T CC (2, 2, 3) or T CC (2, 2, 4) when a hydrogen atom is absorbed.
